. This export is accomplished by the triosephosphate/phosphate translocator (TPT) [4] [5] [6] , which catalyses the exchange of triose-P, 3-phosphoglycerate (3-PGA) and inorganic phosphate (P i ) across the chloroplast inner envelope membrane ( Supplementary Fig. 1a) .
TPT belongs to the plastidic phosphate translocator (pPT) family 7 , whose members are widespread across all photosynthetic eukaryotes 5 and in other organisms with plastids 8 . Land plants possess four pPT subtypes, including the phosphoenolpyruvate/ phosphate translocator (PPT) 9 , the glucose-6-phosphate/phosphate translocator (GPT) 10 and the xylulose-5-phosphate/phosphate translocator (XPT) 11 , which transport different sugar phosphates and function in various metabolic pathways ( Supplementary  Fig. 1b,c) . These plant pPTs play crucial roles in crop metabolism 12, 13 , and therefore they are regarded as attractive targets of genetic manipulation for improving crop productivity 14, 15 . The pPTs are also found in apicomplexan parasites 16, 17 , which cause toxoplasmosis and malaria in humans. Since these apicomplexan pPTs are essential for the survival of the parasites 18, 19 , they are potential drug targets for parasitic infections 20 . All pPT proteins catalyse strict 1:1 exchange reactions 3 , and thereby guarantee the total phosphate balance of the plastid and the cytosol while allowing the transport of carbon and energy 21 . The pPTs are evolutionarily closely related to the nucleotide sugar transporters (NSTs or SLC35), which transport nucleotide sugars into the endoplasmic reticulum/Golgi in exchange for nucleotide monophosphates and play essential roles in glycoprotein and glycolipid synthesis 8, 22, 23 . NSTs are found in all eukaryotes including fungi and animals, and their mutations are implicated in glycosylation defects in humans 24 . In plants, NSTs are also involved in cell wall biosynthesis 25 . Based on the close phylogenetic relationship, the pPTs and NSTs are grouped into the NST/TPT family 7 . TPT was discovered more than 40 years ago 3 and has been rigorously characterized at genetic and biochemical levels 26 . However, because of the lack of structural information, the mechanisms by which TPT recognizes the substrates and catalyses the strict 1:1 exchange remain poorly understood.
Results
Functional and structural analyses of TPT. To elucidate the structure and the molecular mechanism of TPT, we systematically screened plant and algal pPTs for their expression and stability. Among the tested proteins, GsGPT 27 from the thermophilic red alga Galdieria sulphuraria (Gasu_48050; Supplementary Fig. 2a,b) exhibited excellent solution behaviour. Its crystallization construct (residues 91-410) without the amino (N)-terminal chloroplast transit peptide showed the 'signature' P i /P i homo-exchange activity 27 in the liposome-based assay (Fig. 1a) . We also confirmed the 3-PGA/P i hetero-exchange activity (Fig. 1b,c) . A competitive inhibition assay suggested that GsGPT transports phosphorylated C3, C4 and C5
Structure of the triose-phosphate/phosphate translocator reveals the basis of substrate specificity
NATure PlANTs compounds with linear sugar moieties, but not phosphorylated C5 and C6 compounds with ring sugar moieties (Fig. 1d) . We further characterized its kinetic constants, and confirmed that its substrate specificity is similar to that of higher plant TPTs: the Michaelis constant (K m ) for P i is about 1.3 mM, and the inhibition constants (K i ) for triose-P, 3-PGA and phosphoenolpyruvate (PEP) are about 1.0, 0.6 and 8.3 mM, respectively (Fig. 1e,f) . The affinities for phosphorylated C4 and C5 compounds were slightly lower than those for triose-P and 3-PGA. These biochemical data show that GsGPT is functionally similar to TPT, although it was named GPT in the basis of the sequence similarity 27 . We crystallized recombinant GsGPT in the lipidic cubic phase 28 . Co-crystallization with high concentrations (50-250 mM) of 3-PGA or P i yielded diffraction-quality crystals belonging to the P2 1 2 1 2 space group, and we collected data from several hundred crystals, using a microfocus X-ray beam. A previous bioinformatics analysis suggested the classification of TPT into the drug/metabolite transporter (DMT) superfamily 29 , which contains various families of membrane proteins possessing 4, 5, 9 or 10 transmembrane (TM) helices. After extensive molecular replacement trials, we successfully obtained an initial solution with a poly-alanine model of the 10-TM DMT transporter SnYddG 30 . The final structures were determined at 2.1 and 2.2 Å resolutions for the P i -and 3-PGA-bound states, respectively ( Supplementary Figs. 3 and 4) . The protein regions of the two structures are almost identical, with an r.m.s.d. value of 0.18 Å over 608 Cα atoms.
The overall structure of GsGPT reveals a 10-TM helix topology with both the N and carboxy (C) termini on the stromal side (inside), rather than the previously predicted six to nine TM helix topologies 31 ( Fig. 2a,b and Supplementary Fig. 5 ). GsGPT contains two 'inverted' structural repeats, comprising the N and C halves. Viewed from the intermembrane space side (outside), the five helices within the N and C halves (TM1-5 and TM6-10) are arranged in counterclockwise and clockwise manners, respectively ( Supplementary Fig. 5 ). This fold is essentially similar to that of the bacterial DMT superfamily transporter SnYddG 30 , despite the low sequence identity (13.9%), suggesting that this '10-TM DMT fold' could be conserved across all putative 10-TM members of the DMT superfamily 29 ( Supplementary Fig. 6 ). In contrast to the 'outwardopen' conformation of SnYddG, the current structure of GsGPT shows that its substrate binding site is occluded from both sides of the membrane, revealing the 'occluded' conformation of a DMT protein for the first time.
Although the purified GsGPT protein is monomeric in solution, GsGPT forms a dimer in the crystallographic asymmetric unit ( Supplementary Fig. 7 ). The interprotomer interaction involves polar interactions at TM5, TM10 and a short β -strand connecting TM4 and TM5, and hydrophobic contacts through the lipid molecules bound at the interface. The same topological orientation of the monomers within the membrane suggests that this dimeric assembly could be physiologically relevant 32 , although we cannot exclude the possibility that this is a crystallization artefact.
3-PGA and P i recognition. The electron density maps clearly showed that 3-PGA and P i are bound to the same site located halfway across the membrane, as if trapped in a central 'cage' formed by TM1-4 e f (n = 3); n.d., not detectable. Values for the plant and apicomplexan pPTs were adopted from refs [9] [10] [11] 18 .
NATure PlANTs
and TM6-9 ( Supplementary Fig. 8 ). The phosphate moiety of both ligands is identically recognized by ionic bonds with Lys204, Lys362 and Arg363 and a hydrogen bond with Tyr339 (Fig. 2c,d ). The three oxygen atoms of the phosphate (P-O2, O3 and O4) are directly recognized by these sidechains, but the remaining oxygen atom (P-O1) is not directly recognized. In the 3-PGA-bound structure, this P-O1 is attached to the glycerate group, which extends into the space on the opposite side of the phosphate moiety and forms specific interactions with protein sidechains (Fig. 2c) . The carboxyl group on the C1 atom forms an ionic bond with the sidechain of His185, and the hydroxyl group on the C2 atom hydrogen bonds with the sidechain of Tyr339. In addition, the C2 and C3 atoms form hydrophobic contacts with the sidechains of Thr188, Phe192 and Phe263 ( Supplementary Fig. 8 ).
In the P i -bound structure, the corresponding space near P-O1 is occupied by three water molecules (Fig. 2d) . These water molecules form polar interactions with His185 and Tyr339, contributing to the indirect recognition of P-O1. Notably, the positions of these water molecules roughly correspond to those of the three oxygen atoms of the glycerate moiety of 3-PGA, mimicking the organic carbon structure. This water-mediated hydrogen-bonding network is likely to lower the energy of the P i -bound state and could explain why P i , which lacks a sugar moiety, is transported with a similar affinity to those of other sugar phosphates 21 . To examine the functional importance of the observed interactions, we performed mutational assays of the five residues involved in the phosphate recognition (Fig. 2f ). All of the tested mutations exhibited greatly reduced P i /P i homo-exchange activity, confirming their essential roles in transport.
The observed binding mode of 3-PGA suggests that triose-P can be recognized in a similar manner. Indeed, modelling of triose-P into the crystal structure indicates a good fit, with the oxygen atoms at the C1 and C2 positions forming similar polar interactions with His185 and Tyr339 (Fig. 2e) . Therefore, the structures suggest that triose-P, 3-PGA and P i , the three major counter-substrates of TPT, are similarly recognized in a single pocket. The structures also reveal that this substrate-binding pocket could not accommodate two or more phosphate moieties at a time, explaining why pyrophosphate or bisphosphate compounds are not readily transported across the chloroplast envelope membrane 3 .
Similarity and diversity of pPT subtypes. A sequence comparison revealed that the four residues directly recognizing the phosphate (Lys204, Tyr339, Lys362 and Arg363) are strictly conserved in all higher plant pPTs ( Supplementary Fig. 2a ). Besides these residues, most of the residues near the phosphate moiety are also strictly conserved (Fig. 3a) . In contrast, the residues distant from the phosphate, or near the sugar moiety, are varied among the different pPT subtypes (Fig. 3a) . These findings suggest that the variant residues of the different pPT subtypes recognize the attached sugar moieties and thus determine their distinct substrate specificities and the conserved residues similarly recognize the phosphate.
To better understand the substrate selectivities of the pPT family members 5 , we generated homology models of five representative pPTs, namely Arabidopsis thaliana TPT (AtTPT), PPT1 (AtPPT1), GPT1 (AtGPT1) and XPT (AtXPT) and Toxoplasma gondii APT (TgAPT) ( Fig. 3 and Supplementary Fig. 9 ). The AtTPT model suggests that the plant TPTs similarly recognize the substrates as in the current GsGPT structure, since the residues recognizing 3-PGA are highly conserved (His184, Lys203, Tyr338, Lys359 and Arg360 in AtTPT) (Fig. 3b,e) . TPT prefers three-carbon compounds phosphorylated at the C3 position (triose-P and 3-PGA) to those phosphorylated at the C2 position (PEP and 2-PGA) by about tenfold NATure PlANTs (Fig. 3c) . In contrast, the C3 carbon of PEP can be accommodated in the widened pocket of the AtPPT1 model, where Phe is replaced by Asn262, consistent with the PPT's preference for PEP 9 (Fig. 3d) . The apicomplexan pPTs, including TgAPT, PfipPT and PfopPT, have 'dual specificity' , as they transport both triose-P and PEP with similar affinities 18, 20 . The TgAPT model explains its dual specificity well, as it can accommodate both triose-P and PEP ( Supplementary Fig. 7c,d) .
GPT transports glucose-6-phosphate (Glc-6-P), the largest substrate of all pPTs, and smaller substrates such as triose-P and 3-PGA 10 . The AtGPT1 model has the largest pocket space, which can accommodate the bulky C6 sugar (Fig. 3f) , consistent with its broad substrate specificity. Compared with GPT, the AtXPT model has a rather small pocket, which might be suitable for the C5 sugar moiety of its substrate, xylulose-5-phosphate 11 (Xul-5-P) (Fig. 3g) . Collectively, our crystal structures and the homology models address how different pPT members transport distinct sugar phosphates and thereby play diverse roles in plastid metabolism 5 .
Basis of strict 1:1 exchange. Previous biochemical studies have shown that the transport by TPT is mediated by 'alternating access' 33 , in which the substrate binding site is alternately exposed on either side of the membrane. In the current structure, the substrate is completely occluded from both sides of the membrane by the two gates (Fig. 4a) . The 'outside gate' is formed by Phe192 and Ile197 on the tips of TM3 and TM4, and seals the substrate from the outside solvent (Fig. 4b) . The 'inside gate' is formed by Leu347, Phe352 and Pro355 on the tips of TM8 and TM9, and similarly seals the substrate from the inside solvent (Fig. 4c) . The helix ends of both gates are further capped by the conserved Lys128 and Lys271 residues (Fig. 4b,c) .
To deduce the conformational change during the alternating access, we compared this occluded structure with the available outward-open structure of the DMT transporter SnYddG. The structural superimposition revealed a prominent structural difference at TM3 and TM4 with a ~30° outward tilting in GsGPT (Fig. 4a) , suggesting that these helices undergo rocker-switch 35 movements to open and close the outside gate. The pseudosymmetric structure of GsGPT suggests that similar motion would occur in the symmetrical counterpart, TM8 and TM9, to open and close the inside gate (Supplementary Video 1).
To further understand the conformational changes, we performed molecular dynamics simulations of GsGPT in the presence or NATure PlANTs absence of the bound P i (Fig. 5 and Supplementary Fig. 10 ). In the P i -bound simulation, GsGPT did not undergo any significant structural change during 100 ns and remained in the occluded conformation (Fig. 5a,b) . In contrast, in the apo simulation, GsGPT underwent rapid conformational changes within about 10 ns to the inward-open or outward-open conformations, and stably adopted these open conformations until the end of the simulation (~100 ns) (Fig. 5c,d and Supplementary Video 2). These conformational changes were consistent with our model proposed from the structural comparison with SnYddG, which involves the rockerswitch movements of the helix bundles TM3-TM4-TM6 and TM1-TM8-TM9 to open and close the two gates.
The different behaviours in the P i -bound and apo simulations suggest that the conformational change of GsGPT is completely dependent on the substrate binding (Fig. 6) . Without a substrate, because of the electrostatic repulsion between the cationic residues (Lys204, Lys362 and Arg363) in the middle of the helix bundles, GsGPT prefers the outward-or inward-open states, as shown in the MD simulation. In contrast, phosphate or organic phosphate binding allows the close approximation of these cationic residues and thus leads to the occluded state, as in the current crystal structures. This ligand-dependent conformational change ensures the substratedependent transition between the inward-and outward-open states, and thus explains the strict 1:1 exchange kinetics of the pPTs 21 .
Discussion
The proposed coupling mechanism between the substrate binding and the conformational change is quite different from the transport mechanism proposed for YddG, another 10-TM member of the DMT superfamily. YddG is a uniporter 30 that permeates substrates down a concentration gradient, indicating the lack of structural coupling. This difference could be explained by the composition of its substratebinding site. The substrate-binding pocket of YddG mostly consists of hydrophobic residues 30 , which would lack electrostatic repulsion. YddG can thus adopt the occluded state without any substrate, consistent with its uniporter function. Therefore, even though GsGPT and YddG share the similar 10-TM DMT fold, the different compositions of their substrate binding sites result in distinct transport mechanisms.
Previous studies suggested that the members of the NST/TPT family share a common substrate binding site 7 . To explore this possibility, we created a sequence alignment of representative NST/TPT members ( Supplementary Fig. 11 and Supplementary Alignment 1). The alignment shows that the two phosphatebinding lysine residues (Lys204 and Lys362) are conserved at the corresponding positions in most plant NSTs (the KT, KV/A/G, KD and KR groups), supporting their proposed role in negative charge recognition 7 . Meanwhile, these residues are not conserved in important animal NSTs (for example, the SLC35A subfamily), suggesting that these members might use distinct residues for recognizing the substrates. Mapping of known disease-causing mutations in NSTs 22 indicates their locations on the TM helices surrounding the central pocket, suggesting their involvement in substrate recognition (Supplementary Table 2 ). Taken together, these observations suggest that the pPTs and NSTs share a common substrate binding site, but use distinct residues for recognizing their respective substrates.
In conclusion, we determined the high-resolution structures of TPT in complex with two countersubstrates. The structures resolve the long-standing controversy over its helix topology 4, 31 and provide the framework to address its substrate recognition and strict 1:1 exchange mechanism. Further mechanistic understanding of the pPT family members could provide opportunities to engineer chloroplast transporters for improving crop productivity 14, 15 , or to develop new drugs targeting plastid organelles of apicomplexan parasites 20 . 
Methods

Cloning
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encoding residues 91-410 was amplified from the cDNA and subcloned into a modified pFastbac vector, with a C-terminal TEV cleavage site, EGFP and a His 10 -tag. Recombinant baculoviruses were produced with the Bac-to-Bac system (Invitrogen), and were used to infect Sf9 cells at a density of 2-3 × 10 6 cells ml -1 . After growth for 48 h at 27 °C, the cells were harvested and sonicated in lysis buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl and protease inhibitors). The cell debris was removed by low-speed centrifugation (10,000g, 10 min), and the membrane fraction was collected by ultracentrifugation (138,000g, 1 h).
The membrane fraction was solubilized in solubilization buffer (20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 1% (w/v) lauryl maltoside neopentyl glycol (LMNG) and 1 mM β -mercaptoethanol (β -ME)) for 3 h at 4 °C. The supernatant was isolated by ultracentrifugation (138,000g, 30 min) and subjected to immobilized metal ion affinity chromatography (IMAC) with Ni-NTA resin (Qiagen). The resin was washed with IMAC buffer (20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 0.05% LMNG, 1 mM β -ME and 30 mM imidazole), and the protein was eluted with IMAC buffer supplemented with 300 mM imidazole. The eluate was treated with TEV protease and dialysed overnight against dialysis buffer (20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 0.01% LMNG and 1 mM β -ME). The cleaved EGFP-His 10 and TEV protease were removed by reverse IMAC with Ni-NTA. The protein was concentrated to 2-3 mg ml -1 using a 50 kDa MWCO concentrator (Millipore), and further purified by size-exclusion chromatography (SEC) on a Superdex 200 Increase 10/300 column (GE Healthcare) in SEC buffer (10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.01% LMNG and 1 mM β -ME). The peak fractions were collected, concentrated to 10-20 mg ml ) was injected into the column and eluted at 0.5 ml min -1 . Elution was monitored in line with the three detectors, which simultaneously measured UV absorption, light scattering and refractive index. A 658 nm laser was used in the light scattering measurement. Molecular masses were calculated using the three-detector method 36 , as implemented in the ASTRA software package (Wyatt Technology).
Crystallization. Purified samples were thawed and mixed with 1-oleoyl-Rglycerol (monoolein), at a protein to lipid ratio of 2:3 (w/w), to prepare the lipidic cubic phase (LCP), as previously described 37 . Crystallization experiments were performed with 96-well glass sandwich plates (Molecular Dimensions), using a Gryphon LCP robot (Art Robbins Instruments). Typically, 50 nl of protein-laden LCP drops were overlaid with 800 nl of precipitant solution. After extensive co-crystallization screening, needle-shaped crystals appeared under conditions containing high concentrations of 3-PGA or P i . Optimized crystals of the 3-PGA-bound state were obtained in 35-40% PEG200, 100 mM Na-citrate (pH 6.0), 50-100 mM citrate·3 K and 50-100 mM 3-PGA·2Na. Optimized crystals of the P i -bound state were obtained in 43-48% PEG200, 50-100 mM MES-NaOH (pH 6.0) and 200-250 mM (NH 4 ) 2 HPO 4 . Crystals were harvested and flash-cooled in liquid nitrogen for data collection.
Data collection and structure determination. X-ray diffraction experiments were performed at the micro-focus beamline BL32XU at SPring-8. The locations of welldiffracting crystals were identified by raster scanning, and data were collected for a 5-30° wedge from each crystal. All diffraction data were processed with XDS 38 , and merged with XSCALE based on the hierarchical clustering analysis with BLEND 39 or with the cross-correlation method as implemented in the KAMO software (https://github.com/keitaroyam/yamtbx).
For the determination of the P i -bound structure, we performed molecular replacement trials with Phaser 40 using various truncated structures of DMT proteins as search models. Initial solutions were obtained with a full-length polyalanine model of the YddG monomer (PDB 5I20). After initial refinement 
in PHENIX 41 , the resulting map (Rfree value 53%) showed poor or no electron density for substantial portions of the structure, particularly for TM5, TM10 and all loop regions. These invisible segments were deleted from the model and rebuilt by multiple trials of manual modelling of new polyalanine helices using COOT 42 and refinement with phenix.refine, to find the correct helix assignment. After subsequent rounds of model building and refinement, we could build ten helix backbones and several sidechains into the visible electron density. However, at this point, further model building did not improve the R free value or the quality of the electron density. We then noticed that the model was of a 'swapped' form of the protein, where the N-terminal repeat (TM1-5) and the C-terminal repeat (TM6-10) were inversely assigned to each other. We corrected this swapping by renumbering the residues in COOT and proceeded with further model building. After building the protein regions (residues 100-404), strong electron densities were observed within the central cavities of the two monomers, which were unambiguously assigned as bound P i molecules. During the later stages of refinement, electron densities for water and lipid molecules were also identified. The structure was iteratively rebuilt and refined with COOT and PHENIX to achieve good stereochemistry and R free values (Supplementary Table 1 ). The 3-PGA-bound structure was determined using the P i -bound GsGPT dimer as the starting model, and iteratively rebuilt and refined with COOT and PHENIX. All molecular graphics were illustrated using CueMol (http://www.cuemol.org).
Preparation of reconstituted liposomes. Yeast membranes expressing recombinant proteins were prepared as previously described 27 , with slight modifications. The region of GsGPT encoding residues 91-410 was cloned into a modified pYES2 vector, with a C-terminal His 6 tag. For mutant assays, mutations were introduced by a PCR-based method. The plasmids were transformed into Saccharomyces cerevisiae cells (strain BY4742). Transformed cells were grown in CSM− URA medium containing 2% raffinose, and protein expression was induced with 2% galactose when the culture reached A 600 = 0.6. After growth for 22 h at 30 °C, the cells were harvested and disrupted in lysis buffer (50 mM Tricine-KOH (pH 7.5), 0.1 mM phenylmethylsulfonyl fluoride and 5% glycerol), using acid-washed glass beads (200-400 μ m; Sigma). Glass beads and cell debris were removed by lowspeed centrifugation (4,000g, 2 min), and the membrane fraction was collected by ultracentrifugation (138,000g, 1 h). The membrane pellet was resuspended in 50 mM Tricine-KOH (pH 7.5), flash-frozen in liquid nitrogen and stored at − 80 °C until use. Aliquots of the resuspended membranes were subjected to SDS-PAGE, and the His 6 -tagged recombinant proteins were detected by a western blot analysis, using an anti-His-tag polyclonal antibody (code PM032; MBL).
Soybean L-α -phosphatidylcholine (Avanti) in chloroform was dried into a thin film under a stream of nitrogen gas, and further dried under vacuum. Dried lipids were resuspended at 20 mg ml −1 in intraliposomal solution (120 mM Tricine-KOH (pH 7.5) and 30 mM NaH 2 PO 4 ) or P i -free intraliposomal solution (150 mM Tricine-KOH (pH 7.5)) and sonicated for 5 min at 4 °C to form unilamellar vesicles. This unilamellar vesicle solution was reconstituted with the yeast membranes at 19:1 (v/v), by the freeze-thaw procedure. The reconstituted liposomes were sonicated again for 5 min at 4 °C, to form unilamellar vesicles. The extra-liposomal solution was exchanged by gel-filtration on Sephadex G-50 (GE Healthcare) preequilibrated with 150 mM Tricine-KOH (pH 7.5).
For assays in the purified system, the unilamellar liposome solution was reconstituted with purified GsGPT at a lipid-to-protein ratio of 100:1 (w/w), by the freeze-thaw procedure. The resulting proteoliposomes were sonicated and buffer exchanged, as described above. Protein-free liposomes were prepared by the same procedure, except that the protein solution was replaced with the SEC buffer used in the purification.
Liposome assays. The liposome assays were performed as previously described 27 , with slight modifications.
For the time-dependent uptake assay, the reaction was started by mixing the reconstituted liposome solution with an equal volume of extra-liposomal solution (150 mM Tricine-KOH (pH 7.5) and 1 mM [ For the determination of kinetic constants, the K m for P i was analysed using various external concentrations of [ (0-10 mM) . To assess the background uptake, control experiments were performed with membranes from yeast cells transformed with empty vector. Enzyme kinetic data were analysed by non-linear regression fitting, as implemented in the GraphPad Prism 7 software.
Molecular dynamics simulation.
The simulation system included the GsGPT dimer, 1-phosphoryl-2-oleoylphosphatidylcholine (POPC), TIP3P water and 150 mM NaCl. The disordered sidechains in the GsGPT crystal structure were modelled by COOT 42 . To embed the protein within the POPC bilayer, the protocol described by Javanainen 43 was used. One POPC molecule was placed in the GsGPT dimerization interface, corresponding to the two monoolein molecules in the crystal structure. Finally, the periodic boundary systems, including 136,668 (with P i ) and 136,652 (without P i ) atoms, with the size of 90.7 × 147.9 × 100.0 Å, were prepared. The net charge of the solute was neutralized with sodium and chloride ions. The molecular topologies and force field parameters from CHARMM36 (ref. 44 ) were used. Molecular dynamics simulations were performed by the program Gromacs, version 5.0.5 (ref. 45 ). First, energy minimization was performed using the steepest descent, with a cut-off of 1,000.0 kJ mol -1 nm -1
. Next, random velocities were assigned according to a Maxwell distribution, at a temperature of 310 K for each atom, and an equilibration run (eq1) was performed for 100 ps in the canonical (NVT) ensemble (310 K, 90.7 × 147.9 × 100.0 Å volume). Finally, an equilibration run (eq2) was performed for 1,000 ps in the isothermal-isobaric (NPT) ensemble (310 K, 1 bar). The positions of non-hydrogen atoms in the protein and phosphates were restrained with a force constant of 1,000 kJ mol -1 nm -2 , in the minimization and equilibration runs. Production runs were performed for 100 ns in the NPT ensemble (310 K, 1 bar). The same simulation was performed twice with different initial velocities, and similar results were obtained. Constant temperature was maintained by using V-rescaling 46 with a time constant of 0.1 ps in eq1, and a Nosé-Hoover thermostat 47, 48 with a time constant of 0.5 ps in eq2 and the production runs. Pressure was controlled with semi-isotropic coupling to a Parrinello-Rahman barostat 49 , with a time constant of 5.0 ps and a compressibility of 4.5 × 10 −5 bar -1
. The LINCS algorithm 50 was used for bond constraints. Long range electrostatic interactions were calculated with the particle mesh Ewald method 51 .
Data availability. The data that support the findings of this study are available from the corresponding author upon request. The atomic coordinates and structure factors of GsGPT have been deposited in the Protein Data Bank (PDB) with accession codes 5Y78 (P i -bound) and 5Y79 (3-PGA-bound). 
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